We study the dispersion properties of surface plasmon (SP) oscillations in a semi-bounded semiconductor plasma with the effects of the Coulomb exchange (CE) force associated with the spin polarization of electrons and holes as well as the effects of the Fermi degenerate pressure and the quantum Bohm potential. Starting from a quantum hydrodynamic model coupled to the Poisson equation, we derive the general dispersion relation for surface plasma waves. Previous results in this context are recovered. The dispersion properties of the surface waves are analyzed in some particular cases of interest and the relative influence of the quantum forces on these waves are also studied for a nano-sized GaAs semiconductor plasma. It is found that the CE effects significantly modify the behaviors of the SP waves. The present results are applicable to understand the propagation characteristics of surface waves in solid density plasmas.
Introduction
The propagation of surface waves in plasmas and in conducting solids has been a topic of important research over the last many years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Surface plasmon (SP) waves can be excited due to the collective oscillation of free electrons at the interface of plasmas of different densities or plasma-vacuum interface. The characteristics of these surface modes have been a subject of many experimental and theoretical investigations in plasmas because of their special frequency spectrum [1] [2] [3] .
Due to the great degree of miniaturization of semiconductors in electronic devices (in which the electron density is high and the temperature is low) the thermal de Broglie wavelength of charge particles can be comparable to the spatial variation of the doping profiles. Thus, the typical quantum effects such as the exchange-correlation, the quantum fluctuation due to the density correlation and the degenerate pressure play a non-negligible role in the electronic components to be constructed in the future.
In the previous investigations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , the basic features of the surface waves in semi-bounded plasmas have been investigated under the influence of e.g., the quantum tunneling [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , the relativistic effects [12] , the spin of fermions [14, 15, 22] , the collisional effects [9, 11] , the nonlocality effects [16] , the exchange effects [17] [18] [19] [20] [21] as well as the external magnetic field [7] . However, the effect of the external magnetic field on surface plasma waves reported in [7] and elsewhere has not been properly considered, and some comments in these contexts in can be found in, e.g., [28, 29] . On the other hand, when the quantum effects are significant the Coulomb exchange (CE) force plays an important role [6, 20, 22] . The dispersion properties of electromagnetic surface waves on the quantum plasma half space with the effects of exchange-correlation have been studied [17] . The theory has been advanced in electron-positron plasmas as well [8] . However, the effects of the CE force have not yet been considered before in the context of surface plasma waves.
In the present work, we study the propagation characteristics of surface electromagnetic (SEM) waves under the influence of the CE effects [23] in a semiconductor electronhole plasma. We employ the QHD model for fluid electrons and holes accounting for the effects of the quantum force associated with the Bohm potential, the degenerate pressure and the CE force. The plasma is immersed in an external uniform magnetic field. However, we consider the external magnetic field to be along the y-axis and the wave propagation parallel to it [24] , i.e., B y k,
where k is the wavenumber (figure 1). With this assumption, the Lorentz force becomes zero and does not have any influence on the wave propagation. Nevertheless, the contribution of the external magnetic field appears through the spin polarization of electrons and holes, which modifies the CE interaction term and the equation of state [20, 24] . We then drive the general dispersion relation of SEM waves by the effects of the CE interaction and other quantum forces. It must be added here that, as considered in the previous investigations [25] [26] [27] [28] [29] , the oblique wave propagation relative to the external magnetic field can be a problem of interest, but is beyond the scope of the present investigation, and is left for future studies.
Theoretical model
We consider a semiconductor quantum plasma consisting of electrons and holes that fills the half-space x 0.
> The plane x 0 = forms an interface between the plasma region and vacuum x 0 < ( figure 1) . In a semiconductor plasma with high conductivity, we suppose that the electron and hole densities are not equal [30] . The QHD equations, which model the dynamical behaviors of electrons and holes, are given by [8, 20] n t n v 0, 1
where n , j n , j0 v , j m j and q j refer to the number density, equilibrium number density, velocity, mass, and charge of j-species particle respectively. Also, E is the electric field to be described later by the Maxwell-Poisson equations; P , j V j q and V j c to be defined in the following. The second term on the right-hand side (rhs) of equation (2) refers to the pressure gradient term of which the weakly relativistic degenerate species obey the statistical pressure law [31] 
is the Fermi velocity of j-species particle with j e h = ( ) denoting the electrons (holes) and 3D J is the degree of spin polarization given by 3D J = 1 1 2
with h being the polarization defined by n n n n
The suffices ↑ and ↓ denote the species with spin up and spin down). In the cases of full 1 h = ( ) and zero 0 h = ( ) spin polarization, we have 2
The third term on the rhs of equation (2) represents the particle dispersion, associated with the density correlation due to the quantum tunneling effect, given by [30, 32] 
The fourth term on the rhs of equation (2) represents the CE effect [20, 23, 24, 31] , given by V e n 3 3 4,
where 3D x measures the degree of spin polarization given by
In the limiting cases of fully
x takes the values of 2 4 3 / and 0, respectively. It turns out that in the case where the particles are not spin polarized, i.e., n n , »   ( ) then the CE interaction becomes zero and does not contribute to the electron/hole interactions. Finally, the last term in equation (2) refers to the Lorentz force.
On the other hand, the electromagnetic fields are governed by the Maxwell-Poisson equations as 
In what follows, we split up the physical quantities into their equilibrium and perturbation parts as: n n n ,
) by equation (7), we obtain the following expression for the perturbed density as 
The parameter j g appears due to the influence of the CE interaction potential. Then after some straightforward algebra and by introducing the wave number q E = a a a a , 
Here, the dimensionless quantum parameter H j refers to the ratio of the j-species plasmon energy to the Fermi energy. In order to obtain equations (8) and (9) 
where q V is the limiting value of q M in vacuum, given by,
) / and A , e A h and C 1,2 are constant coefficients to be determined later by using the proper boundary conditions. Next, the Maxwell equation (4) is used to obtain the required solution for the electric field where G 
We determine the unknown coefficients A , e A , h C 1 and C 2 by using the appropriate boundary conditions, i.e., the continuity of the tangential component of the wave electric field, i.e., E E = Note that the surface modes restrict to that part of solutions which decay away from the interface in both plasma and vacuum regions. Applying the boundary conditions as mentioned and after some straightforward algebra, we obtain the following dispersion relation 
) The dispersion relation (13) is our main result of the present investigation, which is significantly modified by the effects of the CE interaction of electrons and holes.
Dispersion relation and numerical analysis
To recover some previous known results in the literature, we recast equation ( 
In absence of the hole species, the first factor in equation (14) Figure 2 show the plots of the wave frequency with the wave number K in spin-polarized and unpolarized cases. It is found that the wave frequency increases with increasing values of the hole number density in both the limiting cases of fully (panel (a)) and zero (panel (b)) spin polarizations. Physically, lower concentration of the hole species supports low phase speed surface waves in electronhole semiconductor plasmas. Figure 3 shows the comparisons of different quantum effects (namely, those associated with the quantum Bohm potential, CE interaction and the degenerate pressure) on the wave frequency in low (panels (a) and (b)) and high (panels (c) and (d)) density plasmas with fully (panels (a), (c)) and zero (panels (b), (d)) spin polarized plasmas, keeping the effective mass ratio fixed. In both the cases of fully spin polarized plasmas (panels (a) and (c)), the effect of the CE interaction is to decrease the wave frequency. It is seen that the CE interaction is more pronounced when the hole concentration is relatively low. On the other hand, the influence of the Bohm potential for zero spin polarized plasmas becomes higher than that for fully spin polarized system. The effect of the spin polarization is to increase the wave frequency in three different cases as shown in figure 4 , namely, including all of the quantum effects (panel (a)), in absence of the CE effect (panel (b)), and only in the presence of the degenerate pressure (panel (c)). From figures 4(a)-(c), it is also seen that the frequency gets reduced when the effect of the CE force is considered.
Conclusions
To conclude, we have briefly described the dispersion properties of surface plasma oscillations in an electron-hole semiconductor plasma with the effects of CE interaction. A general dispersion relation is derived and analyzed in some particular cases of interest. Previous results in this context are also recovered. It is found that the dispersion properties of the surface wave modes are quite distinctive in spin-polarized and unpolarized plasmas. Also, higher the concentration of the hole species larger is the phase velocity of surface waves. Furthermore, the effect of the CE force is to reduce the wave frequency in semiconductor plasmas.
The oblique propagation of surface wave relative to the external magnetic field can be a problem of interest, but is beyond of the scope of the present investigation, and is left for a future work. The present results may be useful for understanding the dispersion properties of surface plasma oscillations that may propagate at the interface of plasma-vacuum medium in electron-hole semiconductor plasmas or in solid density plasmas with number densities n 10 m j0 26 3
-and the magnetic field strength B 1 2 T.
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